Background: Levoglucosan kinase converts the cellulosic biomass pyrolysis product levoglucosan to the common metabolite glucose 6-phosphate. Results: Crystallographic structures demonstrate two metal binding sites and an alternate binding arrangement for levoglucosan. Conclusion: The unusual mode of levoglucosan binding provides a rationale for the high K m of LGK for its substrate. Significance: These results provide a greater understanding of the underlying biochemistry of anhydrosugar processing.
The anhydrosugar levoglucosan (1,6-anhydro-␤-D-glucopyranose) is a well recognized product of biomass burning that is often used as a molecular tracer of such events in soils, aerosols, snow pits, and even human urine (1) (2) (3) (4) (5) (6) . Although not as abundant as levoglucosan, other anhydrosugars such as mannosan, galactosan, levogalactosan, levomannosan, and cellobiosan have also been detected in aerosol and soil samples (1) (2) (3) (4) . It has been estimated that 4 billion metric tons of carbon are released globally by biomass burning every year (7) . A characterization of wildfire smoke demonstrated that anhydrosugars were the second most abundant form of organic carbon in given samples, at a concentration of 24 mg/g of organic carbon (8) , leading to an estimated annual production of 90 million metric tons of anhydrosugars. These anhydrosugars thus represent a significant yet undercharacterized portion of the global carbon cycle. Although the radical-mediated degradation of aerosol-associated levoglucosan has been observed (9, 10) , it has also been reported that levoglucosan, and presumably other anhydrosugars, can return to the soil via rainwater (11) . Once in the soil, these sugars are subjected to further degradation (12) . Two distinct biological pathways have been identified during levoglucosan degradation. The ATP-dependent levoglucosan kinase (LGK) 2 pathway ( Fig. 1 ), which is present in some fungi, produces glucose 6-phosphate (G6P), a common metabolic intermediate (13) . The modularity of this pathway has been demonstrated by its functional expression in bacteria such as Escherichia coli (14) . A bacterial levoglucosan dehydrogenase pathway that converts levoglucosan to 3-keto-levoglucosan in an NAD ϩ -dependent reaction has also been described (15) . However, the detailed mechanisms of LGK and levoglucosan dehydrogenase, associated metabolic pathways, and the identity of levoglucosan membrane transporters remain unknown. An increased understanding of the biological pathways associated with the microbial degradation of these sugars can be realized by identifying and characterizing the enzymes and cofactors required for these specific reactions.
Beyond revealing the fundamental science of anhydrosugar metabolism, the potential applications of these sugars are interesting from the perspective of bioengineering. Biomass is an attractive source of carbon and energy for the production of renewable biofuels and chemicals. The use of corn-and sugar cane-derived glucose for fermentative production of ethanol is an example of this biomass-to-biofuel pathway. The use of lignocellulosic biomass, such as switchgrass or crop residues, shows several advantages when compared with these feedstocks due to issues related to food/fuel conflicts, land usage and economic viability (16, 17) . With the inherent recalcitrance of lignocellulosic biomass to efficient depolymerization into clean, fermentable sugars (18, 19) , it is interesting to consider that thermochemical processing of such biomass by fast pyrolysis results in the recovery of a significant portion of biomass-associated sugars as anhydrosugars (20) . Knowledge of the existing biological pathways related to these sugars must be expanded if they are to be used effectively as carbon and energy sources for the fermentative production of biorenewable fuels and chemicals.
Anhydrosugars are also produced naturally during depolymerization of the bacterial cell wall for the purpose of peptidoglycan recycling (21) . The resulting 1,6-anhMurNAc sugar is cleaved and phosphorylated by AnmK, which is expressed by many Gram-negative bacteria, to produce MurNAc-6-phosphate (22) . LGK and AnmK form a sub-family of anhydrosugar kinases in the hexokinase family (23) . They share significant sequence homology and a similar fold and domain architecture, including a nucleotide binding domain and a sugar binding domain that is separated by a dynamic hinge region (23) . We previously determined the crystal structures of AnmK from Pseudomonas aeruginosa bound to its sugar substrate and a product ADP (24) . An aspartate residue (Asp-182) was identified as the general base that initiates the attack of a nucleophilic water molecule on the anomeric carbon (C1) of anhMurNAc, thereby promoting cleavage of the 1,6-anhydro bond and transfer of the ␥-phosphate of ATP to the O6 oxygen of the sugar. Subsequent structural studies of AnmK in the open conformation bound to the ATP analog, AMPPCP, provided the basis for the conformational dynamics of the enzyme during its catalytic cycle, whereby it cycles between a catalytically competent closed state and an open state (25) .
LGK was first isolated from fungal sources and was subsequently determined to require ATP and magnesium for phosphorylation of levoglucosan (13) . From the perspective of metabolic engineering, levoglucosan is not within the native substrate range of common industrial biocatalysts. Recently, codon-optimized LGK from Lipomyces starkeyi was introduced into ethanologenic E. coli by chromosome integration. The engineered strain was found to be able to use levoglucosan as the only carbon source for ethanol production (14) . However, LGK enzymes display a relatively low binding affinity for levoglucosan (K m ϭ 69 -105 mM (26, 27) ), consistent with the residual levoglucosan left unutilized during fermentation (14) . Although it was discovered almost 25 years ago and clearly has potential as a catalyst in advanced biofuels production, relatively little is known about LGK. Crystallographic structures of L. starkeyi LGK, the object of this study, provide detailed insights in to the mechanism of LGK, including binding of two divalent metal ions and an unusual binding mode of levoglucosan.
Experimental Procedures
LGK Expression and Purification-The codon optimized lgk gene from L. starkeyi YZ-215 (GenBank accession number EU751287) was originally synthesized by GenScript (Piscataway, NJ) as described (14) . The gene was then PCR-amplified from its pUC57 construct using Phusion DNA polymerase (New England Biolabs) and oligonucleotide primers 5Ј-GATATACATATGCCGATTGCGACGTCTACCG-3Ј and 5Ј-GATATAGGATCCCGCCCAGTTGTTGGTGATAAC-3Ј (Alpha DNA, Montreal, Quebec, Canada). The PCR amplicon and a modified version of a pET28 plasmid (Novagen) containing a reduced multicloning site (NdeI/SpeI/BamHI) and a C-terminal His 6 tag were restricted with NdeI and BamHI and ligated using T4 DNA ligase (New England Biolabs). The ligation product, recombinant plasmid pLSlgk, was then used to transform E. coli strain BL21(DE3) GOLD cells (Stratagene) for further expression and purification.
Recombinant E. coli BL21(DE3) GOLD cells harboring pLSlgk were grown to an A 600 of ϳ 0.5 at 37°C, with shaking, in 500-ml volumes of LB medium supplemented with 35 g/ml kanamycin. Expression of LGK was induced with 1 mM isopropyl-1-thio-␤-D-galactopyranoside for 3 h at 30°C, with shaking. Cells were pelleted by centrifugation and stored at Ϫ80°C. Pel- lets were thawed in 20 ml of ice-cold lysis buffer (0.5 M NaCl, 20 mM Tris-HCl, pH 7.5, 0.1 mM PMSF, 2 mM imidazole) and lysed using a French pressure cell press (Ameco). The lysate was clarified by centrifugation and mixed with 2 ml of TALON metal affinity resin (Clontech) with gentle shaking for 30 min at room temperature. The TALON beads were centrifuged and re-suspended in binding buffer (500 mM NaCl, 20 mM Tris, pH 7.5, 0.5 mM TCEP) before being poured into a 20-ml gravity column. The column was washed with 20 ml of binding buffer supplemented with 5 mM imidazole (Sigma), followed by 20 ml of binding buffer supplemented with 10 mM imidazole. The LGK protein was eluted from the column with 10 ml of binding buffer supplemented with 250 mM imidazole. The eluate was dialyzed overnight against 20 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA, 5 mM DTT. The protein was further purified by gel filtration (Superdex 200) in 20 mM Tris, pH 7.5, 50 mM NaCl, 0.5 mM TCEP prior to concentration using an Amicon Ultra-15 concentrator with a 10,000 Da cut-off (Millipore). Chromatographic steps were performed using an ÄKTA FPLC (GE Healthcare).
LGK Crystallization, Data Collection, and Structure Determination-LGK crystals were grown at room temperature using the hanging drop vapor diffusion method by mixing equal volumes of reservoir buffer (22% PEG 4000, 100 mM sodium acetate, 100 mM Tris, pH 7.5) and LGK (7 mg/ml) in magnesium crystallization buffer (50 mM NaCl, 2 mM ADP, 4 mM MgCl 2, 0.5 mM TCEP, 20 mM Tris, pH 7.5) for the structure bound to magnesium. For the structure bound to manganese, equal volumes of reservoir buffer (18% PEG 4000, 100 mM sodium acetate, 100 mM Tris, pH 7.2) and LGK (7 mg/ml) in a manganese crystallization buffer (50 mM NaCl, 2 mM ADP, 5 mM manganese(II) chloride tetrahydrate, 25 mM levoglucosan, 0.5 mM TCEP, 20 mM Tris, pH 7.5) were mixed. For the structure bound to magnesium, ADP, and levoglucosan, equal volumes of reservoir buffer (19% PEG 4000, 100 mM sodium acetate, 100 mM Tris, pH 6.8) and LGK (7 mg/ml) in crystallization buffer (50 mM NaCl, 2 mM ADP, 4 mM MgCl 2 , 0.5 mM TCEP, 1 mM aluminum nitrate, 10 mM sodium fluoride, 20 mM Tris, pH 7.5) were mixed, and a resultant crystal was then soaked directly in the crystallization drop with 100 mM levoglucosan for 10 min. The monomeric structure bound to levoglucosan in the productive conformation was determined by mixing equal amounts of LGK (9 mg/ml) in crystallization buffer (50 mM NaCl, 0.5 mM TCEP, 20 mM Tris, pH 7.5, 200 mM levoglucosan) and reservoir buffer (1.8 M ammonium sulfate, Hepes 7.0, and 100 mM sodium acetate). The monomeric structure bound to ADP and levoglucosan (alternate orientation only) was determined by mixing equal amounts of LGK (25 mg/ml) in crystallization buffer (100 mM NaCl, 0.5 mM TCEP, 20 mM Tris, pH 7.5, 2 mM ADP, 4 mM MgCl 2 , 1 mM aluminum nitrate, and 10 mM sodium fluoride) and reservoir buffer (1.3 M sodium malonate, 93 mM Bis-Tris propane, pH 7.0) and then soaking a resultant crystal in the drop with 200 mM levoglucosan. Crystals were cryoprotected by dragging them through a drop containing cryoprotectant solution (reservoir buffer supplemented with 9% sucrose (w/v), 2% glucose (w/v), 8% glycerol (v/v), and 8% ethylene glycol (v/v)) prior to being flash-cooled in liquid nitrogen. X-ray diffraction data for all of the structures, except the monomeric structure with levoglucosan in the alternate orientation, were collected at beamline 08ID-1 at the Canadian Light Source (Saskatoon, Saskatchewan, Canada), integrated using XDS (28) , and scaled and merged using SCALA (29) . For the LGK structure bound to manganese, a single-wavelength anomalous diffraction dataset was collected ( ϭ 1.8920; energy ϭ 6.55306; fЉ ϭ 8.42; fЈ ϭ Ϫ7.46). The monomeric structure with levoglucosan bound in the alternate orientation was collected at the Stanford Synchrotron Radiation Lightsource beamline BL7-1, integrated using MOSFLM (30) , and scaled and merged using SCALA.
Phase estimates for the structure bound to magnesium were initially obtained by molecular replacement using PHASER (31) and the structure of AnmK from P. aeruginosa as a search model (PDB identifier: 3QBW). The model was subsequently rebuilt using the PHENIX autobuild routine (32) for initial structural analysis. For the structure bound to manganese, HySS (33) was used to locate four manganese atoms (1.9 Å resolution cut-off used, anomalous signal ϭ 0.0781; occupancies ϭ 1.00, 0.96, 0.96, 0.94). Phasing was done using PHASER-EP (final figure of merit ϭ 0.39) prior to density modification using the resolve routine in AUTOSOL, and the output density modified map file was used as an initial map file for subsequent automated model building using the PHENIX autobuild routine (32) , which successfully built 862 of 894 protein residues (correlation coefficient ϭ 0.84). This structure was then subsequently used as the starting model for the structure bound to magnesium and ADP to reduce model bias with the previously built model using the AnmK structure for molecular replacement. The remainder of the LGK structures were built using the experimentally determined LGK structure as a starting model, with rounds of iterative model building and refinement performed using Coot and PHENIX (34) . The stereochemical quality of the final models was assessed using MolProbity (35) . Refinement statistics are presented in Table 1 . All structural figures were prepared using PyMOL (36) .
Enzyme Kinetics-LGK activity assays were performed using the G6P dehydrogenase coupling system (37) . For the reaction velocity as a function of ATP concentration, all assays were carried out in at least triplicate in a buffered solution of 4 or 8 mM MgCl 2 , 50 mM TAPS, pH 9.0, 1 mM NADP ϩ , 1 unit of G6P dehydrogenase from Saccharomyces cerevisiae (Sigma), and 2.4 g of LGK. The reaction was initiated by the addition of levoglucosan (Carbosynth) at a concentration of 100 mM, bringing the final volume to 1 ml in a quartz reaction vessel. The change in A 340 over a 2-min time period at 30°C was measured using a Cary 300 spectrophotometer equipped with a Peltier temperature controller. The graph was plotted using Prism 6 software (GraphPad Software, La Jolla, CA).
LGK reaction velocity as a function of levoglucosan concentration and buffer type was assayed using 100-l microplates in the presence of HEPES and Tris at pH 7.6 at a concentration of 55 mM. All assays were performed with 99 mM NaCl, 1.5 mM NAD ϩ , 2 mM ATP, 20 mM MgCl 2 , and 0.8 units of G6P from Leuconostoc mesenteroides (Sigma). Levoglucosan was added to each assay well in a 1:2 serial dilution at final concentrations ranging from 550 to 17.2 mM. Assay components were sealed and incubated on a 30°C pebble bath for 5 min prior to the addition of 10 l of purified
LGK for an assay enzyme concentration of 0.1 M. A 340 was monitored over a 6-min time period by a Synergy H1 spectrophotometer (BioTek, Winooski, VT) using a kinetic read method every 21 s at a controlled temperature of 30°C. Prism 6 software was used to calculate the Michaelis-Menten parameters using a non-linear fit of the datasets.
1 H NMR Studies-All spectra were recorded on a 700-MHz Bruker AVANCE III instrument equipped with a TCI cryoprobe at 20°C. 38 l of enzyme solution was added to a total reaction volume of 600 l of solution containing all other reagents (20 mM levoglucosan, 4.5-7 units of lactic dehydrogenase, 3-5 units of pyruvate kinase from rabbit muscle (Sigma), 15 mM phosphoenolpyruvic acid, 1 mM ATP, 10 mM magnesium, 60 mM NaCl, and 100 mM Bis-Tris, pD 6.9). The sample was mixed, the time of mixing was recorded, and the sample was placed on the magnet. Spectra were recorded at predefined intervals with a single scan recorded for each spectrum to obtain the exact time stamp and to avoid partial saturation of resonances due to insufficient relaxation delay. Spectra were processed using the MNova 9.1 suite (Mestrelab Research), and intensities were determined from spectral deconvolution. Buffer resonance at 1.88 ppm was also quantified to ensure consistency of measurements. Intensities were fitted to a single exponential growth/decay function, and plots were generated using Origin 7 software.
Results
Overall Structures, Metal Binding, and Active Site Coordination-L. starkeyi LGK was targeted for crystallographic studies to gain a better understanding of its structure, mechanism, and substrate interactions.
LGK was first crystallized in the presence of ADP and magnesium, and the structure was solved to 1.5 Å in the tetragonal space group P4 1 2 1 2 as a noncrystallographic dimer ( Fig. 2A ; Table 1 ). The structure was initially solved using the closed AnmK structure (3QBW) as the molecular replacement search model. Each monomer of LGK contains a deep hinge between the two domains where the substrates bind. In many hexokinases, including AnmK, these two domains have often been shown to rotate apart from one another (25) , whereas in this structure, the domains appear to be closed. Although longer in amino acid sequence, the overall tertiary structure of LGK is similar to the structure of AnmK in the closed conformation (root mean square deviation of C-alphas ϭ 1.8 Å), including a conserved dimeric interface.
LGK is somewhat larger than AnmK, with extra helical and loop arrangements at the bottom of the hinge region ( Fig. 2A) .
LGK binds the reaction product ADP through multiple hydrogen bonds ( Fig. 2B ), including bonds between the adenyl moiety and Asp-237, between the nucleotide ribose and Asp-221, and between the ADP phosphates and protein residues Ser-24, Gly-189, and Gly-328. Similarly to the vast majority of other kinases, magnesium is required for LGK catalysis (13) . A striking observation found in the electron density map for the LGK structures is the apparent binding of two magnesium ions in the active site. The magnesium ions are observed in ideal octahedral coordination with Glu-362 and Asp-26, several water molecules, and the ADP (Fig. 2B ). The first of the bound metals, designated M1, forms an electrostatic interaction with the ␤-phosphate, and its positioning suggests that it plays a direct role in phosphoryl transfer. The second of these metals, designated M2, likely plays a role in coordinating the position of OCTOBER 30, 2015 • VOLUME 290 • NUMBER 44 the ␣and ␤-phosphates because it binds to both of these phosphates, whereas a role in modulation of electrostatic charges is also plausible.
Structural Insights into Levoglucosan Bioconversion
The binding of two divalent metal ions by LGK was further verified by co-crystallizing the enzyme with manganese instead of magnesium and solving the structure de novo using the anomalous signal of the four manganese atoms present in the dimeric structure (Fig. 2C) . The initial molecular replacement solution for the LGK structure bound to ADP and magnesium was subsequently rebuilt using the experimentally determined LGK structure as a starting model to reduce phase error and model bias from the AnmK structure. Although magnesium has previously been shown to be required for the LGK reaction, we sought to determine whether both magnesiums are required for catalysis. Considering a dissociation constant (K D ) of 50 M for the MgATP complex (38) , we analyzed the LGK reaction rate holding the magnesium concentration at two constant values (4 or 8 mM) and varying the ATP concentrations. Using this reasoning, a second magnesium atom would be available for catalysis when ATP concentrations are less than the magnesium concentrations, whereas free magnesium would be depleted when ATP concentrations exceeded the magnesium concentration. The resulting data are shown in Fig. 2D , with a dramatic drop-off in activity when the ATP concentration exceeds the magnesium concentration at both 4 mM and 8 mM magnesium. Given this result and our structural observations, we favor a model whereby either both magnesiums are required for catalysis or the second magnesium greatly enhances the rate of activity. An alternate explanation for the observed rates of activity could be that free ATP is acting as an inhibitor of the reaction when free magnesium is depleted, although our structural work shows that the nucleotide binds much more strongly when magnesium is also bound (see below). It should also be considered that although both metals play a role in catalysis, the use of two magnesiums may also limit the rate of ADP product release following catalysis, and further kinetic studies will be required to more thoroughly investigate the kinetic consequences of two magnesium binding sites. Interestingly, a molecule of Tris, which was present in the crystallization buffer, was also observed bound in the active site in one of the LGK monomers bound to magnesium and ADP ( Fig. 2E ). Because the Tris molecule forms a hydrogen bond with the catalytic aspartate (Asp-212), it occupies roughly the same position where it is expected that levoglucosan would be coordinated. Interestingly, analysis of the Lineweaver-Burk plots of the reaction in the presence of either Tris or HEPES as the buffer demonstrated that Tris is a competitive inhibitor of the reaction (Fig. 2F ). We determined a K m of 119 Ϯ 12 mM for levoglucosan in HEPES buffer and an apparent K m of 255 Ϯ 20 mM in Tris-HCl buffer, resulting in a K I for Tris of 48 Ϯ 27 mM. Tris has been shown to inhibit the catalytic activity of other enzymes (39 -41) , and although its K I appears relatively high, the comparably high K m of LGK for levoglucosan suggests that the inhibition is significant.
Mechanism of Sugar Cleavage-To gain insights into the mechanism of 1,6-anhydro bond cleavage and to evaluate sugar binding interactions including a possible rationale for the high intrinsic K m of LGK for levoglucosan, we co-crystallized LGK with ADP and magnesium and then soaked the grown crystals with 100 mM levoglucosan. Despite the fact that levoglucosan is smaller than anhMurNAc because it has hydroxyls in place of the bulkier lactyl and acetamido moieties of anhMurNAc, the positioning of levoglucosan in the A-chain monomer is very similar to the anhMurNAc in the binding site of AnmK (Fig. 3 , A-C).
LGK exhibits a very high K m for its substrate when compared with AnmK (0.2 mM) and, accordingly, forms fewer bonding interactions (24) . Levoglucosan forms only a single hydrogen bond with LGK (Asp-212), although the substrate also appears to be stabilized by hydrogen bonds with water molecules in the active site. Specifically, a water molecule appears to mediate a hydrogen-bonding network between Thr-116 and O1 of LG (Fig. 3C) . In AnmK, a similar bonding arrangement is observed between the analogous threonine residue and the acetamido group of anhMurNAc, suggesting that the threonine residue plays a conserved role in substrate binding. Although aluminum nitrate and sodium fluoride were also present in the crystallization buffer, the expected aluminum fluoride could not be unambiguously modeled in the resulting data. However, the ADP and two magnesium ions in this monomer (Fig. 3A) are observed with similar bonding arrangements to those shown in Fig. 2 .
The similar arrangement of levoglucosan in the active site A-chain when compared with the closed AnmK structure suggests that the sugar cleavage mechanism is conserved between LGK and AnmK. For AnmK, Asp-182 acts as a base to enhance the nucleophilicity of a water molecule (Wat A ), which then OCTOBER 30, 2015 • VOLUME 290 • NUMBER 44
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attacks the anomeric carbon of the sugar resulting in cleavage of the 1,6-anhydro bond (24) . Wat A also appears ideally positioned to attack the anomeric carbon in the LGK structure (Fig.  3, A and C) . Consistent with this observation, mutation of the predicted catalytic base in LGK, Asp-212, to an asparagine results in complete abrogation of LGK activity as evidenced by an NADP ϩ -coupled assay. As another means to follow the progress of the LGK reaction, 1 H NMR experiments were performed using a coupled system whereby ATP is regenerated from the LGK reaction ADP product using pyruvate kinase as the phosphotransfer enzyme and phosphoenolpyruvic acid as the phosphoryl donor. Importantly, this method allows for the direct observation of levoglucosan consumption and G6P production during the reaction. The reaction showed fast initial build-up of G6P (within 2 min) followed by a slower linear phase until the phosphoenolpyruvic acid was depleted (Fig. 3, D  and E) . Both ␣ and ␤ anomers of G6P appear simultaneously in the reaction mixture and at a ratio corresponding to the equilibrium ratio of anomers for G6P. The turnover rate of the LGK reaction calculated using this technique is 0.14/s at 20°C, which is faster than the reported anomerization rates of G6P of 0.04/s at 20°C (42) . This suggests that the initial product of the LGK reaction is G6P in its linear form, because we would expect an accumulation of the ␣ or ␤ anomer following catalysis if either anomer were formed during the reaction. These results are in contrast to those obtained using AnmK as the enzyme, which demonstrated an accumulation of the ␣ anomer of anhMur-NAc following catalysis using similar techniques (24) . It is apparent that levoglucosan is less stable during the catalytic reaction, because it is held in the active site through fewer bonding interactions when compared with anhMurNAc bound to AnmK. We propose that in addition to cleavage of the 1,6anhydro ring, the pyranose ring of the levoglucosan is opened when the anomeric carbon of levoglucosan migrates from its position in a 1 C 4 to a 4 C 1 conformation. It is plausible that increased conformational strain during this reaction results in the linear form of G6P as the initial product, which then equilibrates to a mixture of both anomeric forms (Fig. 3E) .
LGK Binds Levoglucosan in Two Distinct Orientations-In contrast to the A-chain monomeric structure, the levoglucosan sugar substrate was also found to bind to LGK in an alternate orientation in the B-chain monomeric subunit, whereby it is rotated by ϳ135 o with regard to the plane of the pyranose sugar ( Figs. 3A and 4A ). Both conformations form hydrogen bonds with Asp-212, whereas the alternate conformation in the B-chain is supported by an additional hydrogen bond between Asn-192 and the O3 oxygen of levoglucosan. Interestingly, the magnesium ions are not bound in this structure and the B-factors (Table 1) tances. Amino acids Asp-26 and Glu-362 are no longer bound to magnesium ions, and these residues instead form bonds directly with the phosphates of ADP (Fig. 4A) . The two domains of the B-chain in this structure also appear slightly more open than the A-chain, with a 3°rotation of the two domains calculated using the program DynDom (43), suggesting a possible reciprocal effect between ligand binding and protein domain movements.
Our initial efforts to determine the structure of LGK with bound levoglucosan thus demonstrated two binding modes for the sugar. Because this was an intriguing result, we sought to determine additional crystal forms of LGK with levoglucosan bound to determine whether these results could be duplicated in another crystal form. After extensive crystallization screening, we found another crystallization condition for LGK in the presence of ADP and magnesium that uses either ammonium sulfate or sodium malonate as the precipitant, instead of PEG 4000 that was used for the original structures. We pursued this crystal form with the intention to determine additional structures of LGK bound to levoglucosan in either of the previous observed orientations.
LGK in this form crystallizes in the same P4 1 2 1 2 space group as the originally determined structures, although with different unit cell dimensions (Table 1) , and with its dimeric interface lying on a crystal symmetry axis. The structure in this case was determined to 2.0 Å as a monomer in the asymmetric unit, with both monomers of the physical dimer essentially being determined as identical structures due to the crystal symmetry. Our initial attempts to solve the structure with ADP, aluminum fluoride, and magnesium present during co-crystallization followed by soaking with 200 mM levoglucosan resulted in a structure similar to that observed in the B-chain of the dimeric structure, with levoglucosan bound in the alternate orientation, ADP showing poor electron density, and no visible bound aluminum fluoride (Fig. 4B ). Only the M2 magnesium appears bound in this structure, although with higher B-factors than in the other Mg-containing structures ( Table 1) .
Although levoglucosan in the alternate orientation makes two direct hydrogen bonds to LGK (Asp-212 and Asn-192), a similar water-bonding arrangement with Thr-116 to that observed in the catalytically conducive orientation appears to be maintained. However, in this orientation, two water molecules are required to bridge the gap to the levoglucosan ring oxygen, which may only act as a hydrogen bond acceptor (Fig.  4C ). We were eventually also able to solve another structure of LGK, to 1.85 Å, with levoglucosan bound in the catalytically conducive conformation by co-crystallizing the enzyme with 200 mM levoglucosan in the monomeric crystal form without the nucleotide or magnesium present (Fig. 4D) . These additional structures support the initial observations of two distinct binding modes of levoglucosan to LGK.
Discussion
Enzyme-driven phosphoryl transfer is a fundamental biochemical reaction that is carried out through a surprisingly variable array of mechanisms, the intricacies of which are often only made apparent when examined at the structural level. A detailed understanding of these reactions is crucial to under-standing the cellular processes they regulate or control. The crystallographic structures of LGK described here provide insight into the unique reaction mechanism carried out by anhydrosugar kinases that involves both cleavage and phosphorylation of their sugar substrate. A somewhat unexpected observation for LGK was the binding of two magnesium ions in the enzyme active site. The binding of two magnesiums has been observed in other kinases and is common in protein kinases (i.e. CDK2 kinase (44, 45) ). However, to our knowledge, this is the first observation of two magnesium binding sites in the hexokinase family. The M2 site appears to assist in stabilizing the positions and geometrical alignment of the nucleotide phosphate groups, because it forms bonding interactions with both the ␣and ␤-phosphates of the ADP, although a role in charge stabilization or modulation during the catalytic reaction is also plausible. It is probable that the presence of the M1 site is also required for maintenance of charges that develop during the reaction by enhancing the electrophilicity of the departing ␥-phosphate or by acting as a transient bridge between the ␤-phosphate of ADP and the phosphoryl group of the product during the reaction as suggested for other kinases (46) . The binding of magnesium in other hexokinases such as Sulfolobus tokodaii hexokinase is also roughly equivalent in structural rearrangement to the M1 site, with magnesium binding to a ␤-phosphate oxygen of ADP, suggesting a shared functional evolution (47) . For other kinases that use two magnesiums for catalysis such as the protein kinase CDK2, it has been shown that the resulting product ADP is slowly released from the active site following catalysis (45) . The need by LGK to utilize two magnesium ions for catalysis may also come at a cost of lowering the rate of product release, although further more extensive kinetic studies will be required to evaluate the rate. In CDK2, it was shown that magnesium binds less tightly to the M1 site, which is consistent with the observation that in LGK, only the M2 magnesium is bound in the monomeric structure bound to ADP and levoglucosan (45) . Although the comparative binding affinities of the two magnesiums remain unclear, it is likely that higher concentrations of magnesium would increase the relative occupancy of both magnesium sites in LGK and thereby limit ADP product release.
In our previous work, the position of magnesium could not unambiguously be resolved in the closed AnmK structure bound to ADP (24) . However, a single magnesium appeared to be bound in one of the open AnmK structures bound to AMPPCP (25) . It is plausible that AnmK also uses two magnesiums during catalysis, because the nucleotide binding site structures are highly conserved between the two enzymes and the one magnesium observed in AnmK was coordinated by the same glutamate residue (Glu-326 and Glu-362 in AnmK and LGK, respectively) that is key to the M1 binding. The inability to view both magnesiums in the closed AnmK structures may be due to several factors including the lower resolution of the AnmK structure (2.23 Å) or the relatively high B-factors for ADP bound to AnmK (41.3 and 56.9 for either monomer). The protein and water interactions that govern magnesium binding may also be influenced by the pH of the crystallization conditions, which was 5.6 for the closed AnmK structure and 7.5 for the LGK structure bound to two magnesiums, the latter of which represents a form of the structure at physiological pH. Taken together our observations suggest that ADP is bound to the AnmK structure in a lower affinity state, similar to the LGK structures in which magnesium ions were not observed.
Additional unusual observations for the LGK structures are the two binding orientations for the levoglucosan substrate, which were both observed in two different crystal forms, and the relatively few direct hydrogen bonds the enzyme makes with the substrate. Although the related enzyme AnmK binds its sugar substrate with a total of five hydrogen bonds (24) , LGK mediates only one or two hydrogen bonds (catalytically conducive or the alternate arrangement, respectively) with its sugar substrate. These observations are also supported by the markedly differing K m values of the respective sugar substrates of AnmK and LGK enzymes. However, this does not explain why LGK has not evolved residues in the active site that would improve its affinity for levoglucosan by imposing more bonding interactions with the substrate. Although we cannot rule out that the unusually high K m for levoglucosan is not rate-limiting to the catalytic efficiency of the enzyme, we propose that the comparatively high K m for LGK is intrinsically linked to the ability of the enzyme to alternate the levoglucosan binding orientations. This structural requirement may prohibit selective mutations of residues in the active site that would support additional direct bonds between LGK and the sugar, which might enhance binding affinity, but would limit its ability to bind the sugar in two orientations. This property may also make the enzyme more prone to competitive inhibition, as evidenced by the binding of Tris in the active site and our kinetic analyses (Fig. 2, E and F) . Other enzymes that have been shown to bind their substrate in multiple orientations do so with varying affinity and functionally are quite diverse, making it difficult to compare the mechanism of substrate binding for these enzymes (48 -50) .
The high K m of LGK for levoglucosan may also at least partially be due to the abundance of levoglucosan in the natural environment, particularly in areas that have been subjected to biomass burning events. In this context, the possibility of weak selection pressure to improve catalytic efficiency could also be influenced by the use of levoglucosan as only a secondary metabolite that is not absolutely required for growth or survival. LGK may also be somewhat promiscuous toward or have significant catalytic activity for other anhydrosugars. Although AnmK has been shown not to be able to use levoglucosan as a substrate, recombinant growth studies using E. coli have shown that LGK has weak activity for anhGlcN (1,6-anhydro-␤-D-glucosamine) and anhGlcNAc 1,6-anhydro-N-acetyl-␤-D-glucosamine (27) . However, it does not appear that these sugars can be used as a carbohydrate source by L. starkeyi, suggesting that they are not transported into the cell or that metabolic pathways do not exist in Lipomyces to further utilize the resulting products (27) .
In LGK, the making and breaking of water-bonding arrangements and dipole interactions not only play an intrinsic role in coordinating the octahedral networks required for magnesium coordination, but they also play a key role in mediating interactions with levoglucosan. This is apparent from the water-bonding network between levoglucosan and Thr-116 that appears to be maintained in both levoglucosan orientations. To this extent, a possible rationale for the alternate orientation of levoglucosan may be to abrogate water-bonding networks in the active site that are also required for the octahedral coordination with magnesium, displacing the metals and also promoting the release of ADP. With the knowledge that ADP is a product inhibitor of LGK (K I ϭ 0.2 mM (51)) and G6P is not (13, 51) , it is likely that G6P is quickly released following catalysis. This suggests the possibility that the active site can be reoccupied by another molecule of levoglucosan prior to ADP and magnesium release. A more detailed analysis of water orientations in the enzyme structure, including visualization of hydrogen atoms and their associated molecular interactions, using methods such as neutron crystallography would allow for a more thorough investigation into these mechanistic details (52) .
Summary and Conclusions
In addition to a detailed examination of the structure and mechanism of anhydrosugar kinases that elaborates on the function of these enzymes in natural biological processes, these studies provide a blueprint for future efforts to engineer LGK enzymes as catalysts in practical applications, such as biofuel production. Mutations that alter the substrate or product affinity of the enzyme could lead to a greater catalytic efficiency for the bioconversion of levoglucosan. However, possible rational approaches may be hampered by the dual binding orientations of levoglucosan, and natural selection has not yet provided a better solution to the high intrinsic K m of LGK for its sugar substrate, suggesting that such efforts to improve affinity for the sugar may be very challenging. Combining structural data with advanced protein engineering and computational design may however yet hold promise for improving LGK to produce levoglucosan-derived biofuel.
